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Human umbilical cord mesenchymal stem
cells reduce oxidative damage and
apoptosis in diabetic nephropathy by
activating Nrf2
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Abstract

Background: Mesenchymal stem cells (MSCs) have a therapeutic effect on diabetic nephropathy (DN) but the
underlying mechanism remains unclear. This study was conducted to investigate whether human umbilical cord-
MSCs (hUCMSCs) can induce oxidative damage and apoptosis by activating Nrf2.

Methods: We used a type 2 diabetic rat model and a high-glucose and fat-stimulated human glomerular
mesangial cell (hGMC) model. Western blotting, RT-qPCR, and TUNEL staining were performed on animal tissues
and cultured cells. Nuclear expression of Nrf2 was detected in the renal tissue. Furthermore, Nrf2 siRNA was used to
examine the effects of hUCMSCs on hGMCs. Finally, the effect of hUCMSCs on the Nrf2 upstream signalling
pathway was investigated.

Results: After treatment with hUCMSCs, Nrf2 showed increased expression and nuclear translocation. After Nrf2-
specific knockout in hGMCs, the protective effect of hUCMSCs on apoptosis induced by high-glucose and fat
conditions was reduced. Activation of the PI3K signalling pathway may be helpful for ameliorating DN using
hUCMSCs.

Conclusions: hUCMSCs attenuated renal oxidative damage and apoptosis in type 2 diabetes mellitus and Nrf2
activation is one of the important mechanisms of this effect. hUCMSCs show potential as drug targets for DN.
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Background
Diabetic nephropathy (DN) is a common but serious
complication of type 1 and type 2 diabetes and progres-
sively leads to chronic loss of kidney function and even-
tual death [1–3]. To date, treatments that can delay the
progression of DN are unavailable. Mesenchymal stem
cells (MSCs) are a type of undifferentiated cells with
multi-differentiation potential, self-renewal ability, and

low immunogenicity. Introduction of MSCs is consid-
ered a promising method for inducing tissue regener-
ation in DN [4]. Previous studies showed that MSCs
protect against the progression of DN in rats and mice
[5–8].
Nuclear factor erythroid 2-related factor 2 (Nrf2) is an

important transcription factor that regulates oxidative
stress, a condition important in the development of dia-
betes. Nrf2 not only regulates oxidative damage in type
2 diabetes mellitus [9, 10], but also has an anti-apoptotic
effect [11–13]. In diabetes, Nrf2 is activated via the
PI3K/Akt signalling pathway, which greatly reduces the
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level of high glucose-induced cardiomyocyte apoptosis
[13]. Nrf2 is also activated via the β-catenin signalling
pathway and is involved in preventing apoptosis in renal
tubular epithelial cells [12].
A previous study showed that MSCs can reduce lung

injury and apoptosis induced by isopropyl alcohol by in-
creasing the expression of Nrf2 [14]. The Nrf2 signalling
pathway is activated by bone marrow MSCs and exerts
an anti-apoptotic effect in spinal cord injury [15]. More-
over, MSC transplantation has been shown to increase
Nrf2 gene expression in the injured livers of mice [16].
Considering that MSCs have been shown to be effective
in several diseases in which Nrf2 plays a central role, we
predicted that MSCs regulate oxidative damage in DN
by affecting Nrf2 expression and the Nrf2 signalling
pathway.
In this study, we used a high-fat diet and streptozocin-

induced rat model of type 2 diabetes to investigate the
role of human umbilical cord-MSCs (hUCMSCs) in inhi-
biting diabetes-related apoptosis by regulating oxidative
stress. In addition, we treated human glomerular mesan-
gial cells (hGMCs) with glucose and palmitate in vitro to
examine the protective effect of hUCMSCs on mesangial
cells. We further investigated the key role of Nrf2 in
hUCMSC-based treatment of DN.

Methods
Isolation, culture, and characterization of MSCs
Clinical-grade hUCMSCs were supplied by Jilin Tuohua
Biological Co., Ltd. (Siping, China). hUCMSCs were pre-
pared from fresh healthy umbilical cords and washed
with phosphate-buffered saline (PBS); the blood vessels
were removed and the tissue was peeled from the Fahr-
enheit glue, cut to 1 mm in size, and cultured in
complete medium for mesenchymal stem cells (Tuohua
Biological) at 37 °C in a 5% CO2 incubator. When the
cells grew to approximately 90% confluence, they were
digested with 0.25% trypsin and passaged at a ratio of 1:
3. The cells were successfully induced to differentiate
into adipocytes (Fig. S1a), osteoblasts (Fig. S1b), and
chondrocytes (Fig. S1c). Flow cytometry showed that the
cells expressed CD73, CD90, and CD105 but did not ex-
press CD14, CD19, CD34, CD45, and CD31, nor did
they express HLA-DR (Fig. S1d), which met the inter-
national identification standard. The cell product was
certified by the National Institutes for Food and Drug
Control (Report number: SH201301098, SH201301175,
SH201301317, SH201500350, SH201500351,
SH201500477, SH201701982, SH201701983). hUCMSCs
were identified by Tuohua Biological Co., Ltd. using the
specific data and pictures provided. Fifth-passage cells
were used for subsequent experiments.

Animal studies
The animal experiments were approved by the experi-
mental animal ethics committee of Jilin University
(2018SY1101). Seven-week-old male Sprague-Dawley
rats were purchased from Changsheng Biotechnology
(Liaoning, China) and housed in the Animal Centre of
Jilin University. The laboratory temperature was 22 °C
and alternating 12-h light/dark cycles were applied. The
rats had free access to food and water and moved freely
in their cages. Rats in the diabetic group were fed a
high-fat diet (Research Diets, New Brunswick, NJ, USA;
D12451 rodent diet with 45 kcal% fat) for 6 weeks,
whereas control rats were fed a normal diet (ND; Re-
search Diets, D12450B, rodent diet with 10 kcal% fat).
Rats in the diabetic group were intraperitoneally injected
with streptozotocin (35 mg/kg; Sigma-Aldrich, St. Louis,
MO, USA) dissolved in 0.1 M sodium citrate (pH 4.5),
and control rats were injected with 0.1M sodium citrate
[17]. Three days after injection of streptozotocin, blood
glucose levels were measured in blood drawn through
the tail vein for three consecutive days, and a blood glu-
cose level above 250 mg/dL was considered to indicate
diabetes [12]. We monitored the body weight and urin-
ary protein levels in the rats every week. After 8 weeks of
streptozotocin injection, the urine volume of diabetic
rats increased significantly, and the urine protein level
was more than 20 mg/24 h. Rats in the ND-fed group
were randomly divided into two groups: control rats
(Ctrl) and control rats injected with hUCMSCs (MSC).
Rats in the high-fat diet-fed group were randomly di-
vided into diabetic rats (DM) and diabetic rats injected
with hUCMSCs (DM/MSC), with more than five rats in
each group. DM/MSC and MSC rats were injected with
fifth-passage hUCMSCs (2 × 106 cells, 1 mL) via the tail
vein three times every 10 days [18]. The Ctrl and DM
groups were treated with PBS (1 mL) (Fig. 1).

Cell culture and treatment
hGMCs (FuHeng Bio-technology, Shanghai, China) were
cultured in Dulbecco’s modified Eagle’s medium
(HyClone, Logan, UT, USA; 5.5 mM glucose) containing
10% foetal bovine serum. To simulate diabetes in vitro,
we cultured hGMCs in media containing D-glucose at a
final concentration of 30 mM for 24 h and added palmi-
tate (300 mM) in the last 6 h [12]. hUCMSCs were
placed in the upper layer of the transwell chamber at a
density of 4 × 105 cells /ml and hGMCs were placed in
the lower layer of the chamber for 24 h. As the vehicle
control, Dulbecco’s modified Eagle’s medium from
hGMCs alone was added. The groups were as follows:
control group (control), control and hUCMSC group (C/
MSC), high-glucose and palmitate group (HG/P), and
high-glucose, palmitate, and hUCMSC group (HG/P/
MSC).
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Biochemical examination
Blood glucose levels were measured using Accu-Chek
test strips (Roche, Basel, Switzerland). Serum lipid, cre-
atinine, and renal malondialdehyde levels were measured
using a commercially available kit (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China). We measured
urinary albumin levels in rats using an automatic chem-
ical analyser (Dirui, Changchun, China) and calculated
the urinary albumin/creatinine ratio. The right kidney
hypertrophy index was calculated as the ratio of the
weight of the right kidney to the total weight of the rat.
Glutathione peroxidase (GPX) of cells was measured
using Human GPX ELISA Kit (Mlbio, Shanghai, China).

Renal histopathology assessment
Renal tissues were fixed in 10% formalin for 24 h, em-
bedded in paraffin, sectioned at 3 μm thickness, stained
with periodic acid–Schiff stain (Sigma-Aldrich), and ob-
served using a microscope (Olympus, Tokyo, Japan). To
prepare ultrathin sections, 1 mm3 of renal tissue was
fixed in 2.5% glutaraldehyde (pH 7.4) at 4 °C for 24 h.
Next, the tissue was fixed with 1% osmium tetroxide for
2–3 h, dehydrated with acetone and ethanol, and embed-
ded with epoxy resin. Slices were prepared using an ul-
trathin slicing machine at 50 nm thickness and then
stained with 3% uranium acetate and lead citrate. The
sections were observed under a transmission electron
microscope (JEOL, Tokyo, Japan).

Immunohistochemical staining
Paraffin-embedded kidney tissue sections were incubated
with primary anti-Nrf2 antibody (1:100; Abcam, Cam-
bridge, UK) for 16–18 h at 4 °C. The sections were
washed with PBS containing 0.1% Tween 20 and incu-
bated with a secondary goat anti-rabbit antibody (1:200;
Bioss, Beijing, China) for 1 h at 25 °C. After washing with

PBS containing 0.1% Tween 20, the sections were
stained with diaminobenzidine.

TUNEL assay
Paraffin sections were dewaxed, hydrated, and treated
with proteinase K without DNase for 30 min at 37 °C.
The tissues were then covered with 0.5% Triton X-100
for 15 min. The level of apoptosis was measured with a
One-Step TUNEL Cell Apoptosis Detection Kit (Beyo-
time Biotechnology). The nuclei were counterstained
with DAPI (Beyotime Biotechnology), and images were
acquired using a fluorescence microscope (Olympus,
Tokyo, Japan).

Isolation of nuclear and cytoplasmic proteins from renal
tissue
Nuclear and cytoplasmic proteins from renal tissues
were extracted using a nuclear protein extraction kit
(Bestbio, Beijing, China). Renal tissue (20 mg) from each
rat was placed in 300 μL of extract buffer A containing
1 μL protease and phosphatase inhibitors. After incuba-
tion at 4 °C with agitation for 30 min and centrifugation
at 2000×g for 5 min, the supernatant was used as the
cytoplasmic protein. The precipitate was washed twice
with PBS, and then 100 μL of cold extract buffer B, con-
taining 0.5 μL protease inhibitor and phosphatase inhibi-
tor, was added. The samples were vigorously mixed at a
high speed for 15 s, and the mixture was incubated at
4 °C with agitation for 30 min and subsequently centri-
fuged at 12,000×g for 10 min. The supernatant contained
the nucleoproteins.

Western blotting
Renal tissue was treated with lysis solution (Beyotime
Biotechnology, Shanghai, China) and ultrasonicated.
Total protein was separated by SDS-PAGE and trans-
ferred onto 0.45-μm polyvinylidene difluoride

Fig. 1 Timeline of animal experiment. Ctrl, control rats; MSC, control rats injected with hUCMSCs; DM, diabetic rats; DM/MSC, diabetic rats injected
with hUCMSCs; T2DM, type 2 diabetes mellitus
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membranes (Millipore, Billerica, MA, USA). After block-
ing in Tris-buffered saline containing 5% non-fat milk
for 1 h at 25 °C, the membranes were incubated for 16–
18 h at 4 °C with the following antibodies: anti-4-
hydroxynonenal (4-HNE; 1:1000; Abcam), anti-caspase3
(1:1000; Cell Signalling Technology, Danvers, MA,
USA), anti-Bcl-2 (1:1000; Abcam), anti-Bax, anti-catalase
(CAT, 1:500; Sangon Biotech, Shanghai, China), anti-
Nrf2 (1:1000; Abcam), anti-NQO1 (1:8000; Abcam),
anti-heme oxygenase 1 (HO-1; 1:1000; Abcam), anti-
SOD2 (1:500; Sangon Biotech), anti-Akt, anti-phospho-
Akt, anti-PI3K, anti-phospho-PI3K, and β-actin (1:2000,
Cell Signalling Technology). The membranes were sub-
sequently incubated with the secondary antibody for 1 h
at 25 °C, and protein bands were detected by electroche-
miluminescence (Millipore). ImageJ software (NIH, Be-
thesda, MD, USA) was used to analyse the protein band
intensities.

Real-time qPCR
Total RNA was extracted from renal tissues using an
RNA Total Extraction Kit (Promega, Madison, WI,
USA) and reverse-transcribed to cDNA using All-in-
One RT Master Mix (Transgen Biotech, Beijing, China).
Real-time qPCR was performed using an ABI 7300 Real-
Time qPCR system (Applied Biosystems, Foster City,
CA, USA) using SYBR Green qPCR Master Mix (Trans-
gen Biotech). The primers were synthesised at Sangon
Biotech. The primer sequences for Nrf2 and HO-1 were
5′-TAGATCTTGGGGTAAGTCGAGA-3′ and 5′-
CTCTTGTCTCTCCTTTTCGAGT-3′, and 5′-TATC
GTGCTCGCATGAACACTCTG-3′ and 5′-GTTGAG
CAGGAAGGCGGTCTTAG-3′, respectively.

Immunofluorescence studies
hGMCs were cultured and treated as described in the
previous section. Thereafter, the cells were fixed with
paraformaldehyde for 15 min, permeabilised with 0.2%
Triton X-100 for 10 min, blocked with sheep serum for
30min, and incubated with anti-Nrf2 antibody (1:200 di-
lution; Abcam) for 16–18 h at 4 °C, followed by incuba-
tion with Alexa Fluor 488-labelled goat anti-rabbit IgG
(H+L) antibody (Beyotime Biotechnology) and counter-
stained with DAPI. Fluorescent staining of the cells was
analysed with a confocal microscope.

Nrf2 siRNA transfection
hGMCs were transfected with human Nrf2 antisense
siRNA (NFE2L2-homo-1845; GenePharma, Shanghai,
China), and negative controls included cells transfected
with sense siRNA (GenePharma) using Lipofectamine™
2000 (Invitrogen, Carlsbad, CA, USA) transfection re-
agent for 24 h. Transfections were repeated in high-
sugar, high-fat-treated hUCMSCs. The sequence of the

sense siRNA was 5′-GCCUGUAAGUCCUG
GUCAUTT-3′ and that of the antisense siRNA was 5′-
AUGACCAGGACUUACAGGCTT-3′.

Statistical analysis
Data are presented as the mean ± SD. Comparisons be-
tween groups were performed by one-way analysis of
variance. The data were graphed using GraphPad Prism
7.0 software (GraphPad Software, Inc., San Diego, CA,
USA). Statistical significance was set at P < 0.05.

Results
Effects of hUCMSCs, and biochemical and physiological
indices in type 2 diabetic rats
To evaluate the protective effect of hUCMSCs on dia-
betic rats, we measured the body weight, kidney hyper-
trophy index, blood glucose, urinary protein, creatinine,
and blood lipid levels in diabetic rats. The body weight
(Fig. 2a) and kidney hypertrophy index (Fig. 2b) of dia-
betic rats (DM) were significantly higher than those of
the control groups (Ctrl) (P < 0.05). Injection of
hUCMSCs did not significantly affect the body weight of
MSC group rats but significantly reduced the kidney
hypertrophy index of diabetic DM/MSC rats (P < 0.05).
Blood glucose levels were significantly elevated in all dia-
betic rats (DM) compared to control rats (Ctrl). How-
ever, after treatment with hUCMSCs, blood glucose
levels were significantly decreased in the DM/MSC
group (Fig. 2c, P < 0.05). The urinary albumin/creatinine
ratio (Fig. 2d) of diabetic rats was significantly higher
than that of the control group (P < 0.05). After treat-
ment with hUCMSCs, the urinary albumin/creatinine ra-
tio of the DM/MSC group was significantly lower than
that of the DM group (P < 0.05). Compared with the
Ctrl groups, the serum creatinine (Fig. 2e) and choles-
terol (Fig. 2f) levels in DM and DM/MSC rats were sig-
nificantly increased (P < 0.05).
The kidney tissues of rats were examined by light

microscopy (600×) and electron microscopy (10,
000×) (Fig. 2g). Compared with those in the control
groups, pathological changes in the kidneys of dia-
betic rats were obvious and mainly manifested as in-
creases in the glomerular volume, mesangial cell
proliferation, and extracellular matrix as well as
glomerular basement membrane thickening and epi-
thelial foot process fusion. After hUCMSC treatment,
these pathological changes were abrogated, the glom-
erular area was significantly smaller than that of dia-
betic rats (Fig. 2h, P < 0.05), and epithelial foot
process fusion and basement membrane thickening
were decreased compared with those in diabetic rats
(Fig. 2i, P < 0.05).
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Fig. 2 (See legend on next page.)
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Effects of hUCMSCs on diabetes-induced renal oxidative
stress and renal cell apoptosis
Oxidative stress is important in the development and
progression of DN. Therefore, we investigated the pres-
ence of malondialdehyde (Fig. 3a) and 4-HNE (Fig. 3b),
which are indicators of oxidative damage. We found that
malondialdehyde levels in the renal tissue were signifi-
cantly higher in diabetic rats (DM) than in control rats
(Ctrl), which was reversed by hUCMSC treatment (DM/
MSC; P < 0.05, Fig. 3a). The expression of 4-HNE pro-
tein in DM rats was significantly higher than that in the
control group but the expression of 4-HNE decreased
after hUCMSC treatment (DM/MSC).
In addition, we detected the changes of enzymes re-

lated to oxidative damage in vitro. We found that the
content of GPX in the supernatant and the protein ex-
pression levels of CAT of HG/P hGMCs was signifi-
cantly lower than that of the control group. The levels of
GPX and CAT were significantly increased upon co-
culture with hUCMSCs in HG/P/MSC (P < 0.05, Fig. 3f,
h), while co-culture with hUCMSCs could decrease the
expression of 4HNE in hGMCs (P < 0.05, Fig. 3g).
A TUNEL assay was performed to analyse apoptosis in

the kidney tissue, which revealed more apoptotic cells in
DM rats than in control rats; hUCMSC treatment de-
creased this apoptosis (Fig. 3e). We then conducted
western blotting to measure the expression of the
apoptosis-related proteins caspase3 and Bax and the
anti-apoptotic protein Bcl-2. Caspase3 and Bax levels
were significantly increased in DM rats; treatment with
hUCMSCs suppressed this increase in DM/MSC rats
(Fig. 3c, d, P < 0.05). Moreover, the levels of Bcl-2 were
decreased in DM rats, which was dramatically reversed
by hUCMSC treatment in DM/MSC rats (Fig. 3d, P <
0.05).

Effects of hUCMSCs on Nrf2 expression and its
downstream factors
Previous studies have suggested that Nrf2 is involved in
regulating antioxidant damage and apoptosis in MSCs;
therefore, we measured the protein expression and
mRNA levels of Nrf2 by western blotting and qPCR.
Total Nrf2 protein and mRNA levels were decreased in
DM diabetic rats and increased in DM/MSC rats follow-
ing hUCMSC treatment (Fig. 4b, c). According to immu-
nohistochemistry staining of the renal tissue, the
expression of Nrf2 in both the glomeruli and renal

tubules of the DM/MSC group was increased. Measure-
ment of the mRNA and protein expression of down-
stream factors of Nrf2 by qPCR and western blotting,
respectively, showed that the expression of SOD2, HO-1,
and NQO1 was decreased in DM diabetic rats compared
to that in control rats, all of which were upregulated in
DM/MSC rats after hUCMSC treatment (P < 0.05, Fig.
4d–g).
Similar results were obtained in vitro. The expression

levels of Nrf2 and its downstream factors HO-1 and
SOD2 in HG/P hGMCs were significantly lower than
those in the control group. The protein expression levels
of Nrf2, HO-1, and SOD2 were significantly increased
upon co-culture with hUCMSCs in HG/P/MSC (P <
0.05, Fig. 4h–j).

HUCMSCs promote Nrf2 nuclear translocation in vivo and
in vitro
When oxidative stress increases, Nrf2 is translocated to
the nucleus and promotes the expression of downstream
factors. We conducted in vivo and in vitro experiments
to verify whether hUCMSCs can promote Nrf2 nuclear
translocation in type 2 diabetes. We isolated nucleopro-
tein from the kidney tissue of diabetic rats and found
that after treatment with hUCMSCs, the level of nuclear
Nrf2 protein was increased significantly, whereas there
was no significant difference in cytoplasmic Nrf2 among
groups (Fig. 5a, b).
In addition, we detected Nrf2 expression in hGMCs by

immunofluorescence. The expression of Nrf2 was sig-
nificantly higher after co-culture with hUCMSCs than in
the HG/P group. Moreover, Nrf2 expression in the nu-
cleus was significantly increased (P < 0.05, Fig. 5c).

Key role of Nrf2 in hUCMSC-mediated anti-apoptotic
activity in vitro
To further demonstrate the key role of Nrf2 in
hUCMSC-mediated anti-apoptotic activity in type 2 dia-
betes, we used RNA interference to inhibit the expres-
sion of Nrf2 and evaluated the effect of hUCMSCs on
oxidative damage and apoptosis in hGMCs (Fig. 6). After
transfection of Nrf2 siRNA, the expression of Nrf2 in
hGMCs was very low (Fig. 6a), indicating that Nrf2
transfection was successful. After inhibition of Nrf2, the
expression of 4HNE and bax in hGMCs were higher
than those in the control group. After co-cultured with
hUCMSC, the expression of 4-HNE and Bax in s-HG/P/

(See figure on previous page.)
Fig. 2 Renoprotective role of human umbilical cord mesenchymal stem cells (hUCMSCs) assessed using general parameters and pathological
changes. a Body weight. b Right kidney hypertrophy index. c Blood glucose. d Urinary albumin/creatinine ratio. e Serum creatinine. f Serum
cholesterol. g Representative images of periodic acid–Schiff staining of kidney tissues from different groups (scale bar = 50 μm) and electron
microscopy (scale bar = 3 μm). h Glomerular area in different groups. i Glomerular basement membrane width. n = 5–7 per group. *P < 0.05 vs.
Ctrl group; #P < 0.05 vs DM group
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Fig. 3 (See legend on next page.)
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MSC cells was not significantly decreased compared
with that in the s-HG/P group (Fig. 6b, c).

hUCMSCs induce activation of the PI3K/Akt pathway in
hGMCs
The PI3K/Akt pathway is an important signalling path-
way that regulates Nrf2. To confirm whether hUCMSCs
regulate Nrf2 through this pathway to improve oxidative
damage and apoptosis in DN, we measured phosphory-
lated Akt and PI3K by western blotting in vitro. As
shown in Fig. 7, the levels of phosphorylated Akt and
PI3K were downregulated in the HG/P group compared
to the control group. In addition, there were significant
increases in the phosphorylation of Akt and PI3K in the
HG/P/MSC group (P < 0.05).

Discussion
In this study, we confirmed the protective effect of
hUCMSCs on the kidney in type 2 diabetes through
in vivo and in vitro experiments. hUCMSCs not only in-
crease Nrf2 expression, but also promote Nrf2 nuclear
translocation. We silenced the expression of Nrf2 in
hGMCs and found that Nrf2 was a key factor in treat-
ment using hUCMSCs in DN. In addition, hUCMSCs
activated the PI3K/Akt signalling pathway upstream of
Nrf2 (Fig. 8).
DN is a common complication of type 2 diabetes,

which seriously affects the quality of life of patients.
MSCs are undifferentiated cells with self-renewal ability,
multi-differentiation potential, and low immunogenicity.
They can produce a variety of cytokines and growth fac-
tors and exert haematopoietic support, immune regula-
tion, and anti-inflammatory functions. Therefore, MSCs
may be a new and effective treatment for DN. As a sub-
type of MSCs, hUCMSCs show good prospects for this
application, as these cells are easy to obtain.
Many studies have confirmed that intravenous trans-

plantation of MSCs can significantly reduce blood glu-
cose levels in diabetic animals [18, 19]. Moreover, Wang
et al. suggested that transplanted MSCs do not affect
blood glucose levels [20]. In the present study, we ob-
served that after three injections, hUCMSCs significantly
reduced blood glucose levels in diabetic rats. Addition-
ally, hUCMSCs reduced proteinuria, which agrees with
the results of Lv et al. [18]. Although previous studies

showed that MSC transplantation causes a decrease in
serum creatinine levels, there was no significant differ-
ence in the serum creatinine levels between the DM/
MSC group and DM group in our study. This may be
because diabetic rats were in the early stage of disease,
during which changes in renal function are not obvious,
preventing detection of the treatment effect. Glomerular
hypertrophy and the mesangial matrix were increased
significantly, the glomerular basement membrane was
thickened, and Kimmelstiel–Wilson nodules and tumour-
like dilatation did not occur, indicating that the rats were
in the early stage of DN. hUCMSCs can improve these
pathological changes in the early stages of DN.
Oxidative damage caused by hyperglycaemia and

hyperlipidaemia is among the main causes of DN [21].
Apoptosis of renal parenchymal cells is also an import-
ant cause of diabetes-related renal damage [22]. Con-
tinuous hyperglycaemia can induce the formation of
large amounts of reactive oxygen species [23], which ac-
cumulate in renal parenchymal cells and lead to cell
apoptosis and DN progression [24]. Malondialdehyde
[25] and 4-HNE [26] are important indicators of oxida-
tive and nitrification damage. Both GPX and CAT are
important enzymes for anti-oxidation [27]. In this study,
hUCMSCs reduced the content of malondialdehyde and
expression of 4-HNE protein in the kidneys of diabetic
rats and increased the content of CAT and GPX of
hGMCs, indicating that hUCMSCs can improve oxida-
tive stress in diabetes. Caspase3 is an important apop-
totic protein; an abnormal Bcl-2/Bax ratio, that is,
decreased or increased expression of anti- or pro-
apoptotic genes, respectively, can lead to excessive apop-
tosis, resulting in target organ damage. Our study
showed that hUCMSCs can improve apoptosis in DN.
HO-1, SOD2, and NQO1 are downstream antioxidant

genes of Nrf2 [28, 29]. We investigated whether
hUCMSCs can activate Nrf2 and reduce oxidative dam-
age in DN. Our results showed that hUCMSCs increased
the expression of Nrf2 and promoted the expression of
HO-1, SOD2, and NQO1. We further demonstrated that
hUCMSCs promoted the expression of Nrf2 and its
downstream factors in a high-glucose and high-fat
hGMC model in vitro.
Studies have confirmed that Nrf2 is activated mainly

through three pathways: increasing its expression,

(See figure on previous page.)
Fig. 3 Human umbilical cord mesenchymal stem cells (hUCMSCs) inhibit diabetes-induced oxidative stress and renal cell apoptosis. a Level of
MDA as a marker of oxidative stress. b–d Protein level of 4-HNE as a marker of oxidative stress and those of caspase 3, Bcl-2 and Bax as markers
of renal apoptosis evaluated via western blotting. e TUNEL assay was performed to evaluate apoptosis in renal tissue (green, scale bar = 50 μm). n
= 5–7 per group. *P < 0.05 vs. Ctrl group; #P < 0.05 vs DM group. The effects of hUCMSCs on hGMCs were evaluated by measuring the GPX level
in the supernatant of cell culture medium (f), protein level of 4-HNE (g), and CAT (h). control, control group; C/MSC, control and hUCMSC group;
HG/P, high-glucose and palmitate group; HG/P/MSC, high-glucose, palmitate, and hUCMSC group. n = 6 per group. *P < 0.05, vs. control group; #P
< 0.05, vs. HG/P group
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Fig. 4 Human umbilical cord mesenchymal stem cells (hUCMSCs) upregulated renal Nrf2 and downstream cytokine expression. a
Immunohistochemical staining of Nrf2 (× 600). Effects of hUCMSCs on diabetic rats were compared at the protein level for total Nrf2 (b), HO-1 (g),
NQO1 (f), and SOD2 (e) and at the RNA level for Nrf2 (c) and HO-1 (d). n = 5 per group. *P < 0.05 vs. Ctrl group; #P < 0.05 vs DM group. The
effects of hUCMSCs on hGMCs were evaluated by measuring the protein levels of total Nrf2 (h), SOD2 (i), and HO-1 (j). control, control group; C/
MSC, control and hUCMSC group; HG/P, high-glucose and palmitate group; HG/P/MSC, high-glucose, palmitate, and hUCMSC group. n = 6 per
group. *P < 0.05, vs. control group; #P < 0.05, vs. HG/P group
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increasing its nuclear translocation, and reducing its
degradation. Under physiological conditions, Keap1 in
the cytoplasm binds to Nrf2, inhibits Nrf2 entry into
the nucleus, and Nrf2 ubiquitinates and degrades rap-
idly. Under oxidative stress conditions, reactive oxy-
gen species or electrophilic molecules inhibit the
binding of Keap1 and Nrf2 [30]. Nrf2 enters the nu-
cleus and activates the transcription of downstream
genes, improving the ability of cells to resist oxidative
stress [10]. To determine whether hUCMSCs promote
Nrf2 nuclear translocation in addition to increasing
Nrf2 expression, we evaluated nuclear protein from
the rat kidney tissue to detect the expression of Nrf2
in the nucleus of each group. We found that
hUCMSCs significantly increased Nrf2 expression in

the nucleus but did not affect the level of Nrf2 in the
cytoplasm, suggesting that hUCMSCs not only in-
crease Nrf2 expression, but also promote its trans-
location. Using a high-glucose and high-fat hGMC
model for co-culture with hUCMSCs, we observed
that hUCMSCs increased the expression of Nrf2 in
hGMC nuclei.
hUCMSCs may play a role in anti-oxidative damage

and anti-apoptosis by activating Nrf2 in DN. To con-
firm whether Nrf2 is the key factor in this process,
we silenced Nrf2 expression. The protective effect of
Nrf2 on oxidative damage and apoptosis of DN par-
tially disappeared, indicating that Nrf2 plays an im-
portant role in anti-oxidative damage and apoptosis
in hUCMSCs in diabetes.

Fig. 5 Human umbilical cord mesenchymal stem cells (hUCMSCs) upregulated renal Nrf2 expression. The effects of hUCMSCs on diabetic rats
were compared at the protein level for nuclear Nrf2 (a) and cytoplasmic Nrf2 (b). n = 5 per group. c Immunofluorescence staining for Nrf2 was
performed (scale bar = 40 μm). *P < 0.05 vs. Ctrl group; #P < 0.05 vs DM group
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Many recent studies have confirmed that PI3K/Akt is
the upstream signal molecule of Nrf2/HO-1 [31] and
participates in Nrf2 activation [32]. As the binding re-
gion of Nrf2 and Keap1 is also the intracellular actin
binding site, PI3K promotes the dissociation of Nrf2 and
Keap1 and enters the nucleus by altering the arrange-
ment and depolymerisation of actin [31, 33]. Activation
of the PI3K/Akt signalling pathway can reduce oxidative

stress-induced apoptosis [34]. We found that the expres-
sion of phosphorylated Akt and PI3K was significantly
decreased in HG/P hGMCs, and hUCMSCs upregulated
the expression of phosphorylated Akt and PI3K.
hUCMSCs can prevent inactivation of the PI3K/Akt sig-
nalling pathway, indicating that hUCMSCs maybe in-
volved in mitigating apoptosis of hGMCs through the
PI3K/Akt signalling pathway.

Fig. 6 Effect of Nrf2 on oxidative stress and apoptosis in human glomerular mesangial cells (hGMCs) in response to HG/P and human umbilical
cord mesenchymal stem cell (hUCMSC) treatment determined by Nrf2 siRNA transfection. Protein expression of a Nrf2, b Bax, and c 4-HNE in
hGMCs was measured via western blotting. control, control group; C/MSC, control and hUCMSC group; HG/P, high-glucose and palmitate group;
HG/P/MSC, high-glucose, palmitate, and hUCMSC group; s-control, control group with Nrf2 siRNA; s-C/MSC, control and hUCMSC group with Nrf2
siRNA; s-HG/P, high-glucose and palmitate group with Nrf2 siRNA; s-HG/P/MSC, high-glucose, palmitate, and hUCMSC group with Nrf2 siRNA. n =
6 per group. *P < 0.05, vs. control group; #P < 0.05, vs HG/P group; &P < 0.05, vs. Nrf2 siRNA control group

Fig. 7 Human umbilical cord mesenchymal stem cells (hUCMSCs) induce activation of the PI3K/Akt signalling pathway in human glomerular
mesangial cells (hGMCs). Representative western blots of p-Akt, total Akt (a), p-PI3K, and total PI3K (b). n = 6 per group. *P < 0.05, vs. control
group; #P < 0.05, vs HG/P group
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Conclusions
Collectively, our findings indicate that hUCMSCs can
improve apoptosis in DN by promoting antioxidant
damage. Nrf2 activation is one of the important mecha-
nisms in this process. These effects may be achieved by
activating the PI3K/Akt pathway. Our research also had
some limitations, such as that the specific manner by
which hUCMSCs affect the PI3K/Akt signalling path-
ways was not evaluated. In further studies, we will use
PI3K inhibitors to examine the mechanism of how
hUCMSCs affect the PI3K/Akt pathway.

Abbreviations
DN: Diabetic nephropathy; hUCMSC: Human umbilical cord mesenchymal
stem cell; hGMC: Human glomerular mesangial cell; MSC: Mesenchymal stem
cell; ND: Normal diet; Nrf2: Nuclear factor erythroid 2-related factor 2;
PBS: Phosphate-buffered saline

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s13287-021-02447-x.

Additional file 1: Fig. S1. Identification of human umbilical cord
mesenchymal stem cells. A fat formation (X200); B osteogenesis (X40); C
chondrogenesis (X200); D flow cytometry was used to detect the
phenotype of human umbilical cord mesenchymal stem cells.

Acknowledgements
We wish to thank Tuohua Biotechnology Co., Ltd. for providing human
umbilical cord mesenchymal stem cells and technical support.

Authors’ contributions
PN conducted the experiments, researched the data, and wrote the
manuscript. YL was responsible for preparing pathological sections. XB, YXZ,
and SJ contributed to the collection of the data and discussion. NT and LNZ

contributed to provide hUCMSCs. PL and BL contributed to the discussion,
reviewed the manuscript, and obtained funding. The author(s) read and
approved the final manuscript.

Funding
This study was funded by the National Natural Science Foundation of China
(81970628), Department of Science and Technology of Jilin Province
(20190304042YY, 20200201488JC), Health and Family Planning Commission
of Jilin Province (2018 J048), and Education Department of Jilin Province
(JJKH20190056KJ).

Availability of data and materials
The datasets and resources generated and analysed during the current study
are available from the corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate
The animal experiments were approved by the Ethics Committee of Jilin
University (2018SY1101).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1Department of Nephropathy, The Second Hospital of Jilin University,
Changchun, Jilin Province, China. 2Research and Development Department,
Jilin Tuohua Biotechnology Co., Ltd., Changchun, Jilin Province, China.

Received: 22 April 2021 Accepted: 7 June 2021

References
1. Collins A, Foley R, Chavers B, Gilbertson D. US Renal Data System 2013

annual data report. Am J Kidney Dis. 2014;63(1Suppl):A7.
2. Afkarian M, Zelnick LR, Hall YN, Heagerty PJ, Tuttle K, Weiss NS, et al. Clinical

manifestations of kidney disease among US adults with diabetes, 1988-2014.
Jama. 2016;316(6):602–10. https://doi.org/10.1001/jama.2016.10924.

Fig. 8 Possible mechanisms for preventing diabetic nephropathy using human umbilical cord mesenchymal stem cells (hUCMSCs)

Nie et al. Stem Cell Research & Therapy          (2021) 12:450 Page 12 of 13

https://doi.org/10.1186/s13287-021-02447-x
https://doi.org/10.1186/s13287-021-02447-x
https://doi.org/10.1001/jama.2016.10924


3. Navarro-González JF, Sánchez-Niño MD, Donate-Correa J, Martín-Núñez E,
Ferri C, Pérez-Delgado N, et al. Effects of pentoxifylline on soluble klotho
concentrations and renal tubular cell expression in diabetic kidney disease.
Diabetes Care. 2018;41(8):1817–20. https://doi.org/10.2337/dc18-0078.

4. Hamza AH, Al-Bishri WM, Damiati LA, Ahmed HH. Mesenchymal stem cells:
a future experimental exploration for recession of diabetic nephropathy.
Ren Fail. 2017;39(1):67–76. https://doi.org/10.1080/0886022X.2016.1244080.

5. Lv S, Cheng J, Sun A, Li J, Wang W, Guan G, et al. Mesenchymal stem cells
transplantation ameliorates glomerular injury in streptozotocin-induced
diabetic nephropathy in rats via inhibiting oxidative stress. Diabetes Res Clin
Pract. 2014;104(1):143–54. https://doi.org/10.1016/j.diabres.2014.01.011.

6. Fang Y, Tian X, Bai S, Fan J, Hou W, Tong H, et al. Autologous
transplantation of adipose-derived mesenchymal stem cells ameliorates
streptozotocin-induced diabetic nephropathy in rats by inhibiting oxidative
stress, pro-inflammatory cytokines and the p38 MAPK signaling pathway. Int
J Mol Med. 2012;30(1):85–92. https://doi.org/10.3892/ijmm.2012.977.

7. Park JH, Park J, Hwang SH, Han H, Ha H. Delayed treatment with human
umbilical cord blood-derived stem cells attenuates diabetic renal injury.
Transplant Proc. 2012;44(4):1123–6. https://doi.org/10.1016/j.transproceed.2
012.03.044.

8. Nagaishi K, Mizue Y, Chikenji T, Otani M, Nakano M, Konari N, et al.
Mesenchymal stem cell therapy ameliorates diabetic nephropathy via the
paracrine effect of renal trophic factors including exosomes. Sci Rep. 2016;
6(1):34842. https://doi.org/10.1038/srep34842.

9. David JA, Rifkin WJ, Rabbani PS, Ceradini DJ. The Nrf2/Keap1/ARE pathway
and oxidative stress as a therapeutic target in type II diabetes mellitus. J
Diabetes Res. 2017;2017:4826724.

10. Cui W, Min X, Xu X, Du B, Luo P. Role of nuclear factor erythroid 2-related
factor 2 in diabetic nephropathy. J Diabetes Res. 2017;2017:3797802.

11. Mylroie H, Dumont O, Bauer A, Thornton CC, Mackey J, Calay D, et al. PKCε-
CREB-Nrf2 signalling induces HO-1 in the vascular endothelium and
enhances resistance to inflammation and apoptosis. Cardiovasc Res. 2015;
106(3):509–19. https://doi.org/10.1093/cvr/cvv131.

12. Wang S, Nie P, Lu X, Li C, Dong X, Yang F, et al. Nrf2 participates in the anti-
apoptotic role of zinc in type 2 diabetic nephropathy through Wnt/β-
catenin signaling pathway. J Nutr Biochem. 2020;84:108451. https://doi.
org/10.1016/j.jnutbio.2020.108451.

13. Tsai CY, Wang CC, Lai TY, Tsu HN, Wang CH, Liang HY, et al. Antioxidant
effects of diallyl trisulfide on high glucose-induced apoptosis are mediated
by the PI3K/Akt-dependent activation of Nrf2 in cardiomyocytes. Int J
Cardiol. 2013;168(2):1286–97. https://doi.org/10.1016/j.ijcard.2012.12.004.

14. Kadry MO, Abdel-Megeed RM. Bone marrow-derived mesenchymal stem
cells mitigate caspase-3 and 8-hydroxy proline induced via β-adrenergic
agonist in pulmonary injured rats. J Biochem Mol Toxicol. 2017;31(8).
https://doi.org/10.1002/jbt.21913.

15. Yang W, Yang Y, Yang JY, Liang M, Song J. Treatment with bone marrow
mesenchymal stem cells combined with plumbagin alleviates spinal cord
injury by affecting oxidative stress, inflammation, apoptotis and the
activation of the Nrf2 pathway. Int J Mol Med. 2016;37(4):1075–82. https://
doi.org/10.3892/ijmm.2016.2498.

16. Cho KA, Woo SY, Seoh JY, Han HS, Ryu KH. Mesenchymal stem cells restore
CCl4-induced liver injury by an antioxidative process. Cell Biol Int. 2012;
36(12):1267–74. https://doi.org/10.1042/CBI20110634.

17. Abdelmageed ME, Shehatou GSG, Suddek GM, Salem HA. Protocatechuic
acid improves hepatic insulin resistance and restores vascular oxidative
status in type-2 diabetic rats. Environ Toxicol Pharmacol. 2021;83:103577.
https://doi.org/10.1016/j.etap.2020.103577.

18. Lv SS, Liu G, Wang JP, Wang WW, Cheng J, Sun AL, et al. Mesenchymal
stem cells transplantation ameliorates glomerular injury in streptozotocin-
induced diabetic nephropathy in rats via inhibiting macrophage infiltration.
Int Immunopharmacol. 2013;17(2):275–82. https://doi.org/10.1016/j.intimp.2
013.05.031.

19. Si Y, Zhao Y, Hao H, Liu J, Guo Y, Mu Y, et al. Infusion of mesenchymal stem
cells ameliorates hyperglycemia in type 2 diabetic rats: identification of a
novel role in improving insulin sensitivity. Diabetes. 2012;61(6):1616–25.
https://doi.org/10.2337/db11-1141.

20. Wang S, Li Y, Zhao J, Zhang J, Huang Y. Mesenchymal stem cells ameliorate
podocyte injury and proteinuria in a type 1 diabetic nephropathy rat model.
Biol Blood Marrow Transplant. 2013;19(4):538–46. https://doi.org/10.1016/j.
bbmt.2013.01.001.

21. Forbes JM, Coughlan MT, Cooper ME. Oxidative stress as a major culprit in
kidney disease in diabetes. Diabetes. 2008;57(6):1446–54. https://doi.org/1
0.2337/db08-0057.

22. Sanchez NM-D, Benito-Martin A, Ortiz A. Autophagy as a therapeutic target
in diabetic nephropathy. Kidney Int. 2010;78:737–44.

23. Pitocco D, Tesauro M, Alessandro R, Ghirlanda G, Cardillo C. Oxidative stress
in diabetes: implications for vascular and other complications. Int J Mol Sci.
2013;14(11):21525–50. https://doi.org/10.3390/ijms141121525.

24. Singh DK, Winocour P, Farrington K. Oxidative stress in early diabetic
nephropathy: fueling the fire. Nat Rev Endocrinol. 2011;7(3):176–84. https://
doi.org/10.1038/nrendo.2010.212.

25. Tsikas D. Assessment of lipid peroxidation by measuring malondialdehyde
(MDA) and relatives in biological samples: analytical and biological
challenges. Anal Biochem. 2017;524:13–30. https://doi.org/10.1016/j.ab.201
6.10.021.

26. Li B, Cui W, Tan Y, Luo P, Chen Q, Zhang C, et al. Zinc is essential for the
transcription function of Nrf2 in human renal tubule cells in vitro and
mouse kidney in vivo under the diabetic condition. J Cell Mol Med. 2014;
18(5):895–906. https://doi.org/10.1111/jcmm.12239.

27. Zhao Y, Zhu R, Wang D, Liu X. Genetics of diabetic neuropathy: systematic
review, meta-analysis and trial sequential analysis. Ann Clin Transl Neurol.
2019;6(10):1996–2013. https://doi.org/10.1002/acn3.50892.

28. Nezu M, Suzuki N, Yamamoto M. Targeting the KEAP1-NRF2 system to
prevent kidney disease progression. Am J Nephrol. 2017;45(6):473–83.
https://doi.org/10.1159/000475890.

29. Vomund S, Schäfer A, Parnham MJ, Brüne B, von Knethen A. Nrf2, the
master regulator of anti-oxidative responses. Int J Mol Sci. 2017;18(12).
https://doi.org/10.3390/ijms18122772.

30. Mathur A, Rizvi F, Kakkar P. PHLPP2 down regulation influences nuclear Nrf2
stability via Akt-1/Gsk3β/Fyn kinase axis in acetaminophen induced
oxidative renal toxicity: protection accorded by morin. Food Chem Toxicol.
2016;89:19–31. https://doi.org/10.1016/j.fct.2016.01.001.

31. Zhang T, Liang X, Shi L, Wang L, Chen J, Kang C, et al. Estrogen receptor
and PI3K/Akt signaling pathway involvement in S-(-)equol-induced
activation of Nrf2/ARE in endothelial cells. PLoS One. 2013;8(11):e79075.
https://doi.org/10.1371/journal.pone.0079075.

32. Nakaso K, Yano H, Fukuhara Y, Takeshima T, Wada-Isoe K, Nakashima K. PI3K
is a key molecule in the Nrf2-mediated regulation of antioxidative proteins
by hemin in human neuroblastoma cells. FEBS Lett. 2003;546(2-3):181–4.
https://doi.org/10.1016/S0014-5793(03)00517-9.

33. Kang KW, Lee SJ, Park JW, Kim SG. Phosphatidylinositol 3-kinase regulates
nuclear translocation of NF-E2-related factor 2 through actin rearrangement
in response to oxidative stress. Mol Pharmacol. 2002;62(5):1001–10. https://
doi.org/10.1124/mol.62.5.1001.

34. Ni W, Fang Y, Xie L, Liu X, Shan W, Zeng R, et al. Adipose-derived
mesenchymal stem cells transplantation alleviates renal injury in
streptozotocin-induced diabetic nephropathy. J Histochem Cytochem. 2015;
63(11):842–53. https://doi.org/10.1369/0022155415599039.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Nie et al. Stem Cell Research & Therapy          (2021) 12:450 Page 13 of 13

https://doi.org/10.2337/dc18-0078
https://doi.org/10.1080/0886022X.2016.1244080
https://doi.org/10.1016/j.diabres.2014.01.011
https://doi.org/10.3892/ijmm.2012.977
https://doi.org/10.1016/j.transproceed.2012.03.044
https://doi.org/10.1016/j.transproceed.2012.03.044
https://doi.org/10.1038/srep34842
https://doi.org/10.1093/cvr/cvv131
https://doi.org/10.1016/j.jnutbio.2020.108451
https://doi.org/10.1016/j.jnutbio.2020.108451
https://doi.org/10.1016/j.ijcard.2012.12.004
https://doi.org/10.1002/jbt.21913
https://doi.org/10.3892/ijmm.2016.2498
https://doi.org/10.3892/ijmm.2016.2498
https://doi.org/10.1042/CBI20110634
https://doi.org/10.1016/j.etap.2020.103577
https://doi.org/10.1016/j.intimp.2013.05.031
https://doi.org/10.1016/j.intimp.2013.05.031
https://doi.org/10.2337/db11-1141
https://doi.org/10.1016/j.bbmt.2013.01.001
https://doi.org/10.1016/j.bbmt.2013.01.001
https://doi.org/10.2337/db08-0057
https://doi.org/10.2337/db08-0057
https://doi.org/10.3390/ijms141121525
https://doi.org/10.1038/nrendo.2010.212
https://doi.org/10.1038/nrendo.2010.212
https://doi.org/10.1016/j.ab.2016.10.021
https://doi.org/10.1016/j.ab.2016.10.021
https://doi.org/10.1111/jcmm.12239
https://doi.org/10.1002/acn3.50892
https://doi.org/10.1159/000475890
https://doi.org/10.3390/ijms18122772
https://doi.org/10.1016/j.fct.2016.01.001
https://doi.org/10.1371/journal.pone.0079075
https://doi.org/10.1016/S0014-5793(03)00517-9
https://doi.org/10.1124/mol.62.5.1001
https://doi.org/10.1124/mol.62.5.1001
https://doi.org/10.1369/0022155415599039

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Isolation, culture, and characterization of MSCs
	Animal studies
	Cell culture and treatment
	Biochemical examination
	Renal histopathology assessment
	Immunohistochemical staining
	TUNEL assay
	Isolation of nuclear and cytoplasmic proteins from renal tissue
	Western blotting
	Real-time qPCR
	Immunofluorescence studies
	Nrf2 siRNA transfection
	Statistical analysis

	Results
	Effects of hUCMSCs, and biochemical and physiological indices in type 2 diabetic rats
	Effects of hUCMSCs on diabetes-induced renal oxidative stress and renal cell apoptosis
	Effects of hUCMSCs on Nrf2 expression and its downstream factors
	HUCMSCs promote Nrf2 nuclear translocation in�vivo and in�vitro
	Key role of Nrf2 in hUCMSC-mediated anti-apoptotic activity in�vitro
	hUCMSCs induce activation of the PI3K/Akt pathway in hGMCs

	Discussion
	Conclusions
	Abbreviations
	Supplementary Information
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

